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A B S T R A C T
Background: The chloroplast genome of plants has been frequently sequenced using chloroplast DNA
derived by techniques involving chloroplast isolation and or by PCR ampliﬁcation using primer
sequences targeted to amplify the chloroplast genome. Using these approaches, chloroplast
heteroplasmy, described as variations in the chloroplast sequence within an individual plant, has
been reported in many plant species. More recently, next generation sequencing (NGS) technologies
have allowed chloroplast genome sequences to be extracted from shotgun sequences of total plant DNA.
Results: Here, we used DNA preparations varying in nuclear, mitochondrial and chloroplast enrichment
to explore the potential to distinguish genuine chloroplast heteroplasmy from apparent heteroplasmy
due to sequence-variant homologues of chloroplast genome sequences inserted in nuclear or
mitochondrial genomes. Application of NGS to the whole sugarcane genome followed by read mapping
analysis of the complex sugarcane system allowed the assembly of a complete chloroplast genome
sequence of sugarcane cv. Q155. Variant analysis showed that they were present only at frequencies that
could be attributed to homologues of chloroplast sequences inserted in the nucleus or mitochondria.
Conclusions: The result suggests that earlier reports of heteroplasmy in chloroplasts may have been due
to contaminating sequences from other genomes (nuclear or mitochondrial) in chloroplast preparations
or speciﬁc ampliﬁcation of sequences from these genomes. This demonstrates that the ability to evaluate
sequence abundance avoids the risks of attributing a chloroplast gene homologue from the nucleus or
mitochondria to the chloroplast.
 2015 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND
license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
Contents lists available at ScienceDirect
New Negatives in Plant Science
jo ur n al ho m ep ag e: www .e ls evier . c om / lo cat e/n ep s1. Introduction
Land plant chloroplast genomes in general range from 120 to
160 kb in size, are circular and consist of a quadripartite structure
of two inverted repeat regions (IRa and IRb), one large single copy
(LSC) and one small single copy (SSC) (reviewed in [1]). TheAbbreviations: BC, bundle sheath cell; cp, chloroplast; CTAB, hexadecyl trimethyl
ammonium bromide; cv., cultivar; DNA, deoxyribonucleic acid; GWB, Genomics
Workbench; IR, inverted repeat; LSC, large single copy; MC, mesophyll cell; Mt,
mitochondria; mvf, minimum variant frequency; NGS, next generation sequencing;
Nr, nuclear; PCR, polymerase chain reaction; RNA, ribonucleic acid; RFLP, restriction
fragment length polymorphism; SNP, single nucleotide polymorphism; SPS, sucrose
phosphate synthase (EC 2.4.1.14); SSC, small single copy; WL, whole leaf.
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4.0/).chloroplast is generally maternally inherited [2] and its genome is
considered to be conservative since it does not undergo
recombination, has a slow mutation rate [3] and is present in
high copy number contributed by several hundreds of chloroplast
per cell and several genome copies per chloroplast [reviewed in 4].
Hence, the chloroplast genome (cp-genome) sequence has been
used in many ﬁelds of biology such as phylogenetics, evolutionary
biology, plant barcoding and identiﬁcation [3,5,6].
Plant cells contain DNA originating from the nucleus and two
sub-cellular organelles, the chloroplast and the mitochondria, with
exchange of genetic material between these organelles (reviewed
in [7]). Various studies have reported the transfer and insertion of
genetic material from the chloroplast into the nuclear and
mitochondrial DNA and found this to be more common than
insertion of genetic material into the cp-genome from the nucleus
or the mitochondria [8–18]. The transfer of DNA from the cp-
genome (and from the mitochondrial genome) into the nuclear
genome is considered as a part of the evolutionary process in
eukaryotic genomes [7,19–21]. This kind of transfer of genetice under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/
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result in the integration of sequence-homologues of one sub-cellular
genome in other sub-cellular genome, for examples chloroplast-
speciﬁc sequences integrated into the mitochondrial or nuclear
genomes (cp-DNA-insert sequences) [12,16,22–24]. In fact, the plant
mitochondrial genome is known to be expanded by integrating and
propagating a signiﬁcant amount of external immigrant DNA
corresponding to sections of the chloroplast and nuclear genomes
[7,10,11,22,25]. Various studies have indicated that a very slow
mutation rate of the chloroplast DNA as compared to the
mitochondrial DNA and the nuclear DNA results in variation of
these cp-DNA-insert sequences in the nucleus or mitochondria, in
comparison to the corresponding original chloroplast sequences
(cp-sequences) [26–28]. When assessing the presence of more than
one type/species of chloroplast in a cell, deﬁned by the term
heteroplasmy [29], the exclusion of the cp-DNA-insert sequences
from genuine cp-DNA is necessary. This would otherwise lead to the
inclusion of SNP variants from these insertions, and consequently, to
a false deduction of the presence of chloroplast heteroplasmy.
Heteroplasmy has been reported in mitochondrial genomes and
cp-genomes in many organisms such as human, animals and plants
(as reviewed in [30]). Chloroplast heteroplasmy is believed to
originate from bi-parental inheritance, a slow rate of spontaneous
mutation or recombination of the cp-genome, or incomplete cp-
genome sorting which happen in the cp-genome [30–33], although
the genome itself is considered to be highly conservative. Despite the
fact that there are thousands of cp-genome copies in the cells,
heteroplasmy was once thought to be uncommon in higher plant cp-
genomes, instead the homogeneity of these copies, known as
homoplasmy, was more often observed and assumed [29,30]. Nev-
ertheless, the presence of heteroplasmy has been reported in the
chloroplasts of many plants (i.e. in [29,30,34–38] and these more
recent studies suggested that heteroplasmy in higher plant cp-
genomes may be more common than was thought. The more recent
widespread reports of chloroplast heteroplasmy/variants have
followed the application of advancing sequencing technologies to
sequences often ampliﬁed by PCR of puriﬁed chloroplast fractions
(i.e. in [30,31]), or whole genome shotgun sequencing (i.e. in [38,39]).
Most analyses have been based on cp-genome sequence data
obtained from puriﬁed/enriched chloroplast preparations and PCR
ampliﬁcation of the cp-genome. However, methods for chloroplast
isolation, although designed to provide separation from the
mitochondrial and nuclear DNA, may not eliminate all of the
mitochondrial and nuclear DNA, even in carefully prepared
chloroplast preparations [40–42]. The PCR ampliﬁcation of chloro-
plast DNA may also amplify or preferentially amplify cp-DNA-insert
sequences in the mitochondria or nucleus [31,43]. Thus, the above
strategies may not have the ability to conclusively exclude or to
identify and ﬁlter out chloroplast sequence-variants attributable to
the cp-DNA-insert sequences from the mitochondria or nucleus,
when testing for the presence of heteroplasmy.
The use of next generation sequencing allows the shotgun
sequencing of whole plant genomic DNA while sequence analysis
software is able to assemble a cp-genome from this data
[44,45]. Processing of NGS data using standard analysis software
has the advantage that all NGS sequence reads contributing to the
chloroplast assembly can be processed for variant analysis to
identify variants and their frequency at each base position.
Although a plant cell has many copies of the chloroplast and
mitochondrial genomes, cp-genomes which are many times more
abundant than mitochondrial genomes (for example, in Arabidopsis
leaf, there are 1,000–1,700 cp-genomes per cell [46], and about
100 copies of the mitochondrial genomes per cell, depending on
the physiological state) [47]. In sugarcane, there could be 8–
12 copies of one gene in the nucleus [48]. Thus, algorithms for the
assembly of cp-genome sequences are set to resolve base callconﬂicts (alleles) at any given position based on the majority
nucleotide/highest frequency assumed to be contributed by
genuine chloroplast reads. Variant analysis can then be used to
identify all alleles and their frequency in the assembled sequence
reads. Base call variant frequencies can be used to attribute
variants to chloroplast, mitochondrial or nuclear genome origin.
Here we used sugarcane, with a large and complex polyploid
genome [48] and as a C4 plant with two types of photosynthetic
cells [49], serving as a test case for cp-genome assembly based
upon total cellular genomic DNA sequencing, to check for the
presence of chloroplast heteroplasmy. We used a DNA preparation
of whole leaf tissue and DNA preparations designed to be enriched
in either mesophyll or bundle sheath chloroplasts. The DNA
preparations varying in nuclear, mitochondrial and chloroplast
enrichment were used to explore the potential to distinguish
genuine chloroplast heteroplasmy from apparent heteroplasmy.
2. Material and methods
2.1. Sample preparation
Leaf tissue of sugarcane hybrid (Saccharum spp. hybrids) cv.
Q155 was collected from plants growing at the Gatton campus,
University of Queensland, Australia. DNA was extracted from
whole leaf tissue (WL), from mesophyll cells (MC) and from bundle
sheath cells (BC) of sugarcane cv. Q155. Mesophyll cell chloroplast
DNA (MC-cp-DNA) and bundle sheath cell chloroplast DNA (BC-cp-
DNA) was prepared after chloroplast isolation from MC and BC
cells of whole expanded leaf tissue as described in Majeran et al.
[50]. To extract whole leaf DNA (WL-DNA), leaf tissue was ground
to a ﬁne powder under liquid nitrogen before extraction. DNA from
these three tissue preparations was extracted following the
modiﬁed CTAB method described by Furtado [51]. DNA quality
was determined by assessing purity using the measurement of the
absorbance ratio, A260/A280, with a NanoDrop (Life technologies,
USA) and by assessing the amount of high molecular weight DNA
by resolving the DNA on a 0.7% agarose gel with SYBR safe
(Invitrogen, USA) staining.
2.2. DNA sequencing
Whole genome shotgun sequencing of the isolated DNA was
conducted by the Australian Genomic Research Facility, Melbourne,
Australia. About 5 mg of each DNA sample was used for indexed-
library preparation followed by sequencing using an Illumina HiSeq
2000 platform to obtain 100 bp paired-end sequence data. Indexed
libraries of the three DNA samples and of a fourth unrelated sample
were proportionately mixed at 40% for the WL-DNA preparation and
at 10% each for the MC-cp-DNA and BC-cp-DNA preparations. The
data was generated with the Illumina CASAVA pipeline ver.1.8.2.
About 130 million reads of the WL-DNA sample and 36 million reads
each for the MC-cp-DNA and BC-cp-DNA samples were generated.
The data was imported into the CLC Genomics Workbench version
7.0.4 (CLC-GWB v7.0.4, CLC Bio-Qiagen, Aarhus, Denmark) analysis
software using Illumina import for paired-end reads, removing
failed reads and quality scores set as for Illumina Pipeline 1.8. Read
trimming was done with a quality score limit of 0.05, a maximum
number of 2 ambiguous nucleotide allowed after trimming and
discarding the reads with length below 95 bp. Only paired reads
were used for this study.
2.3. Reference cp-sequence used for the mapping-derived chloroplast
assembly
The publically available annotated cp-genome sequence of
sugarcane cv. SP80-3280 (Saccharum spp. hybrids, GenBank
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position changed to reﬂect the standard sequential order of LSC-
IRa-SSC-IRb before its use as a reference cp-sequence for the
mapping-assembly derived chloroplast assembly of the WL-DNA,
the MC-cp-DNA and BC-cp-DNA samples of sugarcane cv. Q155. At
present, there are two cp-genome sequences of sugarcane
available in GenBank, belonging to Saccharum spp. hybrids cv.
SP80-3280 and cv. NCo310 (GenBank Accession Number:
AP006714.1). Both these cp-genome sequences are 141,182 bp
in length and differ at 14 nucleotides (Fig. 2D), due to differences
in base content and length of the large single copy (LSC) and
inverted repeat (IRb) (Fig. 2B). The IRs of the NCo310 cp-genome
are identical inverted copies whereas the IRa and IRb of the SP80-
3280 cp-genome have four different nucleotides including one
single-base insertion resulting in IRb being one nucleotide longer
than the IRa.
2.4. Mapping assembly process to assemble cp-sequence using NGS
reads
The reference guided mapping tool of the CLC-GWB v7.0.4 was
used to obtain mapping-ﬁles containing the mapping-assembly
derived cp-genome sequence for each of the three DNA samples of
sugarcane cv. Q155. Read mapping parameters were set with a
length fraction at 1.0, similarity fraction at 0.8, mismatch cost at 2,
gap (insertion and deletions, InDels) cost at 3 and global
alignment setting. Due to the nature of the inverted repeat
regions in cp-genome and for assembly of both inverted repeat
regions, the match mode for non-speciﬁc matching was set at
random. To eliminate the contribution of the mitochondrial DNA
and nuclear DNA reads to the mapping consensus, the conﬂict
resolution mode was voted majority. Each of the mapping-ﬁles
was subjected to the Structural Variant and Local Realignment
analysis (SV-LR analysis) tool within the CLC-GWB v7.0.4, to
correct for structural errors in the assembled cp-sequence. The
resulting SV-LR-mapping ﬁle for each of the three DNA samples
resulted in a mapping-assembly derived cp-sequence referred
to as the WL-cp-Map-sequence, MC-cp-Map-sequence and
BC-cp-Map-sequence.
2.5. De novo assembly process to assemble cp-sequence using NGS
reads
Due to the different proportion of chloroplast reads in each
sample, we used different parameters for de novo assembly of the
three DNA samples. The reads corresponding to the MC-cp-DNA
and the BC-cp-DNA samples were assembled into contigs using the
default parameters of de novo assembly in the CLC-GWB v7.0.4,
automatic word size and bubble size, perform scaffolding, auto-
detect paired distances and minimum contig length of 200 bp. For
the WL-DNA sample, the results did not generate overlapping
contigs covering the entire reference as was the case with the MC-
cp-DNA and the BC-cp-DNA samples. Thus, amended settings of
word size and bubble size ranging from 20 to 60 and 50 to 800,
respectively, were used to determine the best settings for the de
novo assembly (data not shown). Long and overlapping contigs
were obtained using setting of 40 and 800 for word size and for
bubble size, respectively. All contigs obtained from the de novo
assembly were extracted and subjected to BLAST analysis against
the SP80-3280 chloroplast reference sequence. The contigs with an
E-value of zero were selected, their alignment to the reference
sequence checked and those which showed a complete match
were updated using the CLC-GWB v7.0.4 to obtain the updated-
contig-mapping ﬁles. Updated contigs of each of the DNA samples
were anchored to the SP80-3280 chloroplast reference sequence
using the alignment software Clone Manager 9 Professional Edition(Clone Manager 9, SciEd, USA) followed by contig stitching leading
to the de novo-assembly derived cp-sequences for the WL-DNA, the
MC-cp-DNA and BC-cp-DNA samples and referred to as WL-cp-
Denovo-sequence, MC-cp-Denovo-sequence, and BC-cp-Denovo-
sequence, respectively.
2.6. Final chloroplast consensus sequences and annotation
For each of the DNA samples, the mapping-assembly derived
and the de novo-assembly derived consensus cp-sequences were
aligned to the SP80-3280 chloroplast reference sequence using
Clone Manager 9. Alignment ﬁles were checked for mismatches
and manually curated by crosschecking the mismatch position in
the SV-LRA-mapping ﬁles and the updated-contig-mapping ﬁles to
obtain the ﬁnal consensus cp-sequences for the WL-DNA, the MC-
cp-DNA and BC-cp-DNA samples. The ﬁnal cp-sequence of
sugarcane of cv. Q155 was annotated by Dual Organellar Genome
Annotator (DOGMA) [52] and a chloroplast map was drawn by
OrganellarGenomeDRAW [53].
2.7. Estimating proportions of chloroplast, mitochondrial and nuclear
reads in sequence data of all three DNA preparations
Gene sequences of ten chloroplast genes, six mitochondrial
genes and four nuclear genes of sugarcane were used (Table S2 in
Supplementary data ﬁle). Ten sugarcane chloroplast genes were
extracted from the annotated Q155 cp-genome. For mitochon-
drial genes, due to the unavailability of a sugarcane mitochon-
drial genome, eight sugarcane mitochondrial genes were
assembled using reads from our sequence data and the sorghum
mitochondrial genes as the reference. These chloroplast and
mitochondrial genes were conﬁrmed as single copy genes and
only found in chloroplast and mitochondria [54,55]. For the
single copy nuclear genes, four Sucrose Phosphate Synthase (SPS,
EC 2.4.1.14) genes from four sugarcane SPS families, which were
found to be represented by a single gene in each family [56], were
used. The proportions of chloroplast-, mitochondrial- and
nuclear-speciﬁc reads in the sequence data of all the three
DNA samples were determined as follows. The trimmed reads
from each of the DNA preparations was mapped to known single
copy genes from the chloroplast, mitochondrial and the nuclear
genome with a length fraction at 1.0, similarity fraction at 0.95,
mismatch cost at 1, gap cost at 3, and global alignment setting.
The average read coverage of the mitochondrial genes was
compared to the average read coverage of chloroplast genes
to determine the proportion of the mitochondrial reads in
the sequence data from each of the DNA sample. Similar analysis
was correspondingly undertaken to determine the proportion of
the nuclear reads in the sequence data from each of the DNA
sample.
2.8. Estimation the fraction of non-cp-contaminating-DNA reads
mapped to Q155 cp-sequence
We estimated the non-cp-contaminating-DNA reads (from the
cp-DNA-insert sequences in the mitochondria and nucleus when
contaminated the chloroplast preparations) in sequence data of
each of the DNA preparations as follows. The proportion of
mitochondrial reads in sequence data of each DNA preparation, as
determined in Section 2.7, reﬂected the fraction of the total reads
mapped to the Q155 cp-genome corresponding to the non-cp-
contaminating-DNA from the mitochondria. Similarly, the propor-
tion of nuclear reads in sequence data of each DNA preparation, as
determined in the previous section, reﬂected the fraction of the
total reads mapped to the Q155 cp-genome corresponding to the
non-cp-contaminating-DNA from the nucleus.
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The reference sequence used in all read mapping for variant and
heteroplasmy analysis was the ﬁnal cp-sequence of sugarcane cv.
Q155, the corrected cp-sequence derived by comparison of the
mapping-assembly derived cp-sequences to that derived by de
novo-assembly (described in previous sections). To detect the
variants, reads were mapped to the reference using the same
parameters as for non-cp-contaminating-DNA analysis in Sections
2.7 and 2.8, with a length fraction at 1.0 and similarity fraction
0.95, the mismatch cost at 1, gap cost at 3 and global alignment
setting. This was to ensure all the reads were considered in
mapping and to favor SNPs (mismatches) over InDels, allowing up
to a maximum of 5 SNPs in each of the 100 bp sequence reads to
be mapped. The mapping ﬁles were then subjected to Quality-
Based Variant Detection in the CLC-GWB v7.0.4 at mvf of 1%
(determined by using the error rate of Illumina sequencing
instruments, 0.1–1% [57,58]). To prevent reads from one junction
mapping to the other junction in the cp-genome, such as between
LSC-IR, IR-SSC, SSC-IR, IR-LSC, causing spurious SNPs, all the broken
reads were ignored. To include the SNPs within the IR regions of the
genome, the non-speciﬁc reads mapped to the IR regions were
included. SNPs were then categorized as common between three
samples, common between two samples or unique variants only
found in one sample. The resulting SNPs were analyzed across the
three samples using total coverage, variant coverage and variant
frequency to check for chloroplast heteroplasmy or variants due to
possible cp-DNA-insert sequences present in the mitochondrial
and nuclear genomes.
3. Results
3.1. Sugarcane cp-genome assembly
High quality DNA was extracted from sugarcane (Saccharum
spp. hybrids) cv. Q155 from WL tissue, and from preparations of
MC-cp and BC-cp and sequenced (Fig. S1 in Supplementary data
ﬁle). The cp-genome assembly procedure [45], with further
modiﬁcation (Furtado et al., unpublished) used for this study as
described in Fig. 1A, has been applied successfully to the rice cp-
genome, a diploid species. About 3.1% (3,330,570 reads), 0.8%
(234,647 reads) and 0.5% (143,197 reads) of WL-DNA reads, MC-
cp-DNA reads and BC-cp-DNA reads, correspondingly, were
mapped to the SP80-3280 chloroplast reference sequence
(Fig. 1B). Three mapping-assembly derived cp-sequences, the
WL-cp-Map-sequence, MC-cp-Map-sequence and BC-cp-Map-
sequence, were extracted for the three samples, 141,182 bp in
length, showing seven, nine and 12 differences compared to the
SP80-3280 cp-genome sequence (Table S1a in Supplementary data
ﬁle). For de novo assembly of three samples, there were 523,854,
251,339 and 258,657 contigs obtained from WL-DNA, MC-cp-DNA
and BC-cp-DNA samples, respectively (Fig. 1C). Only three contigs
in each sample were identiﬁed as cp-contigs (Fig. 1D), in which
contig 3 corresponding to the IR regions of the cp-genome, had
coverage twice as deep as the other two contigs corresponding to
the LSC and SSC regions in the genome (Fig. 1E). After updating
these cp-contigs, one inverted copy of the IR contig was created,
making four cp-contigs and covering the full length of the SP80-
3280 reference, determined by the overlapping ends (slightly
varied in length in three samples) (Fig. 1F). Finally, three de novo-
assembly derived cp-sequences, namely, WL-cp-Denovo-se-
quence, MC-cp-Denovo-sequence and BC-cp-Denovo-sequence
were extracted from the assembly, having identical base content
and the same length of 141.181 bp.
To construct a ﬁnal consensus sequence for cp-genome of
sugarcane cv. Q155, three mapping-assembly derived cp-sequencesfrom reference-guided assembly and one de novo-assembly derived
cp-sequence were aligned to the reference SP80-3280 cp-sequence
to check for mismatches (Table S1b in the Supplementary ﬁle). After
checking the alignment for mismatches in combination with
crosschecking of the mismatch positions in the SV-LRA-mapping-
ﬁles and the updated-contig mapping ﬁles, at all positions of
mismatches, de novo-assembly derived cp-sequence (which was
consensus of three identical sequences) was more accurate in
comparison to the mapping-assembly derived cp-sequences, in
terms of coverage and read alignment. Amongst the mapping-
assembly derived cp-sequences, the WL-cp-Map-sequence (high
coverage) was more accurate compared to the MC-cp-Map-
sequence and BC-cp-Map-sequence (lower coverage). The WL-cp-
Map-sequence differed from the de novo-assembly derived cp-
sequence at only three positions while the MC-cp-Map-sequence
and the BC-cp-Map-sequence differed at ﬁve and eight positions,
respectively. All of the mismatched positions detected in the
mapping assembly were due to the SP80-3280 cp-genome being
used as a reference (described in Discussion). The ﬁnal cp-sequence
of sugarcane of cv. Q155 is exactly the same as de novo-assembly
derived cp-sequences. It is a typical grass cp-genome, with total
length of 141,181 bp (one base shorter than NCo310 and SP80-3280
cp-genomes) and composed of a LSC (83,047 bp), a SSC (12,544 bp)
and two identical IRs (22,795 bp each) (Fig. 2A and B). The average
coverage was determined by mapping all trimmed read of three
samples to the ﬁnal cp-sequence of Q155 and was 2,357x, 166x and
101x for the WL-DNA, MC-cp-DNA and BC-cp-DNA samples,
respectively (Fig. 2C).
The Q155 cp-sequence when compared to the published cp-
sequences of sugarcane cv. NCo310 [59] and cv. SP80-3280 [60],
differed at ﬁve and nine nucleotide positions, respectively (Fig. 2D).
These nine and ﬁve differences made up a total of 14 nucleotide
positions, which were exactly the differences between two cp-
genomes of NCo310 and SP80-3280. At all of the 14 nucleotide
positions, the Q155 sequence agreed with that of NCo310 or with
that of SP80-3280 but did not disagreed with both sequences. Thus,
a consensus nucleotide call at each of the 14 positions, based on the
comparing all three sequences, agreed at all 14 positions to that of
the Q155 sequence. There were two protein encoding genes, two
transfer RNAs, and one ribosomal RNA involved in these
differences. Other positions of difference occurred in the intergenic
regions of the genome. Overall, there was one deletion in NCo310
and SP80-3280 but two in Q155, making the Q155 cp-genome one
base shorter than the other two.
3.2. Fractions of non-cp-contaminating-DNA in sequence data
mapped to the cp-sequence of all three DNA preparations
Mapping of the sequence reads from each of the three DNA
preparations to a set of known chloroplast, mitochondrial and
nuclear single copy genes provided the proportion of sequence
reads corresponding to the three genomes in each preparation. The
average coverage of chloroplast-, mitochondrial- and nuclear-
speciﬁc reads in the sequence data of all the three DNA samples
was determined based on the coverage of the known gene sets. The
proportions of mitochondrial reads and nuclear reads in the
sequence data of the WL-DNA sample were estimated to be 6.5–
13.6% and 0.2–0.7%, respectively (Fig. 3A). Similarly, the proportion
of mitochondrial and nuclear reads in the MC-cp-DNA sample
ranged from 2.5–7.8% and 0.3–3.5% respectively (Fig. 3B), and in
the BC-cp-DNA sample ranged from 5.1–14.7% and 0.6–5.2%
respectively (Fig. 3C). These ranges correspond to the estimated
fraction of the non-cp-contaminating-DNA reads in the sequence
data of each of the DNA preparations, due to cp-DNA-insert
sequences in mitochondrial genome and cp-DNA-insert sequences
from the nucleus. This analysis indicated that in the WL-DNA
Fig. 1. Sugarcane chloroplast genome assembly of cultivar Q155. (A) Schematics of two approaches, mapping assembly and de novo assembly, used in this study. (B) Results of
mapping assembly of cp-genome of three samples, WL-DNA, MC-cp-DNA and BC-cp-DNA, representing reads after trimming, reads mapped to the reference, and percentage
of read mapped. (C) Summary of de novo assembly results of three samples, showing the number of contigs, the longest contig and N50 (median contig size of the genome
assembly). (D) Three identiﬁed chloroplast contigs and their length in three samples. (E) The average coverage of three chloroplast contigs in which contig 3, corresponding to
the IRs in the cp-genome, showed double the coverage compared to contig 1 and contigs 2 (corresponding to LSC and SSC). (F) Contigs aligned to the reference sequence in
Clone Manager 9, including contig 1 (LSC), contig 2 (SSC) and two contig 3 (IRa and IRb).
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Fig. 2. Chloroplast genome of sugarcane cultivar Q155 and differences from the other two sugarcane chloroplast genomes. (A) The cp-genome map of Saccharum spp. hybrids
cultivar Q155. Genes outside the circle are transcribed clockwise while genes inside the circle are transcribed counter-clockwise. The thick lines in the outer circle indicate IRs.
The inner graph shows the GC content of the genome. The red arrows indicate genes/RNAs involved in differences between three sugarcane genomes. (B) Length difference in
Q155 cp-genome in comparison with the other two cp-genomes from NCo310 and SP80-3280. (C) Mapping results of trimmed reads to three sugarcane cp-genome, NCo310,
SP80-3280 and Q155. The average coverage, minimum coverage of NCo310 and Q155 are similar, hence, combined in the same column. Read mapping parameters were set
with a length fraction at 1.0, similarity fraction at 0.8, mismatch cost at 2, gap cost at 3 and global alignment setting. (D) Positions of difference and genes involved in
chloroplast genome of Q155 comparing to NCo310, SP80-3280 (between Q155 and SP80-3280 in bold). Positions in table refer to the SP80-3280 cp-genome; at deletions in
SP80-3280 cp-genome, positions in NCo310 cp-genome are referred.
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Fig. 3. The gene coverage, and proportions of chloroplast, mitochondrial and nuclear reads in sequence data mapped to the cp-sequence of all three DNA preparations. (A) The
WL-DNA sample. (B) The MC-cp-DNA sample. (C) The BC-cp-DNA sample. Data in the column of proportion compared to cp (%) represent the mean and standard deviation
(S.D.).
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mapped to the Q155 cp-genome corresponded to the non-cp-
contaminating-DNA from the mitochondria and the nucleus,
respectively. Likewise, the MC-cp-DNA and BC-cp-DNA preparations
had a maximum of 7.8% and 14.7% of non-cp-contaminating-DNA
from mitochondria and 3.5% and 5.2% of non-cp-contaminating-DNA
from nucleus.
3.3. Analysis of variants
Initially, at 1% of mvf, there were 85 SNPs detected in the WL-
DNA sample, while 261 and 265 SNPs were detected in MC-cp-DNA
and BC-cp-DNA samples, respective (data not shown). Many of the
SNPs in the latter two samples had a low frequency between 1%
and 5% and were not detected in the WL-DNA sample and areprobably attributable to the higher fraction of non-cp-contami-
nating-DNA reads from the nucleus in these two samples or due to
lower sequence coverage for these two samples. Therefore, to
simplify the analysis, all 85 SNPs in the high-coverage WL-DNA
sample were retained for further assessment, whereas, SNPs in the
two lower coverage samples, MC-cp-DNA and BC-cp-DNA, were
ﬁltered for low variant read-count (the number of reads having the
variant). The read-count threshold was determined based on the
coverage of the cp-genome assembly and the estimated fraction of
non-cp-contaminating-DNA reads from the nucleus in each
sample. These were 166x and 3.5%; 101x and 5.2% in MC-cp-
DNA and BC-cp-DNA samples, respectively; and hence, read-count
threshold was determined at 6 for the MC-cp-DNA sample and
5 for the BC-cp-DNA sample. All SNPs with read-count less than or
equal to the threshold in these two samples were removed, except
N.V. Hoang et al. / New Negatives in Plant Science 1–2 (2015) 33–4540SNPs which were also detected in the WL-DNA sample. Of the
261 SNPs found at mvf of 1% in MC-cp-DNA sample, and after
removing the SNPs with low read-count, 42 SNPs were retained.
Most of them had a frequency less than the proportion of the non-
cp-contaminating-DNA from the mitochondria in this sampleTable 1
Chloroplast SNPs detected in three samples. Positions refer to the base position in the Q1
the ﬁrst column. Nr and mt denote nucleus and mitochondria, respectively.
WL-DNA  sample 
Max varia nt frequency fr om mt (6.53 - 
13.59%)  and nr (0.1 6-0. 66%)  
MC-cp-DNA  sample 
Max va riant fr equency fr om mt (2
7.82 %) and nr (0.34  - 3.48 %
Positio n 
Region
Vari ant 
Cove rage 
Total  
Coverage 
Varia nt freque ncy 
Vari ant 
Coverage
Total  
Coverage
Varia nt frequ
51,514  LSC 20 1,9 66 1.0 2  - 154  Below 1%
101, 424   Ira 16 1,5 53 1.0 3  - 106  Below 1%
51,244  LSC 24 2,1 42 1.1 2  - 178  Below 1%
53,568  LSC 34 2,9 64 1.1 5  - 187  Below 1%
53,565  LSC 35 2,9 34 1.1 9  - 189  Below 1%
58,295  LSC 32 2,2 54 1.4 2  - 159  Below 1%
962  LSC 39 2,6 40 1.4 8  - 165  Below 1%
51,295  LSC 34 2,3 02 1.4 8  - 170  Below 1%
85,721  Ira 45 2,7 74 1.6 2  - 204  Below 1%
841  LSC 41 2,4 12 1.7 0  - 153  Below 1%
733  LSC 43 2,2 35 1.9 2  - 149  Below 1%
138, 508   Irb 56 2,8 39 1.9 7  - 221  Below 1%
53,546  LSC 66 2,8 34 2.3 3  - 184  Below 1%
910  LSC 65 2,6 62 2.4 4  - 168  Below 1%
877  LSC 66 2,5 76 2.5 6  - 165  Below 1%
52,517  LSC 62 2,0 83 2.9 8  - 160  Below 1%
53,405  LSC 77 2,5 03 3.0 8  - 226  Below 1%
52,628  LSC 65 2,0 64 3.1 5  - 146  Below 1%
138, 891  Irb 67 2,0 82 3.2 2  - 143  Below 1%
54,154  LSC 93 2,4 95 3.7 3  6 198 3.0 3  
54,149  LSC 99 2,5 56 3.8 7  6 200 3.0 0  
85,338  Ira 82 2,0 88 3.9 3  - 163  Below 1%
86,714  Ira 80 1,9 36 4.1 3  - 146  Below 1%
137, 515  Irb 77 1,8 44 4.1 8  - 117  Below 1%
53,821  LSC  120 2,7 23 4.4 1  4 170 2.3 5  
53,819  LSC  118 2,6 51 4.4 5  4 167 2.4 0  
58,642  LSC  109 2,4 34 4.4 8  - 192  Below 1%
53,813  LSC  119 2,6 15 4.5 5  4 168 2.3 8  
138, 068  Irb  123 2,6 54 4.6 3  3 151 1.9 9  
52,544  LSC 86 1,8 55 4.6 4  - 140  Below 1%
52,547  LSC 88 1,8 31 4.8 1  - 134  Below 1%
52,550  LSC 90 1,8 06 4.9 8  - 136  Below 1%
26,579  LSC  118 2,3 23 5.0 8  4 165 2.4 2  
139, 848  Irb  109 2,1 23 5.1 3  - 171  Below 1%
87,188  Ira  141 2,7 18 5.1 9  3 170 1.7 6  
87,667  Ira  157 3,0 07 5.2 2  - 186  Below 1%
26,218  LSC  110 2,1 00 5.2 4  - 177  Below 1%
53,662  LSC  117 2,2 05 5.3 1  5 177 2.8 2  
86,161  Ira  132 2,4 67 5.3 5  - 213  Below 1%(7.8%) and only three of them had frequency higher than the
contamination level (at 8.5%, 8.6% and 12.8%). The BC-cp-DNA
sample had the highest fraction of non-cp-contaminating-DNA
from the mitochondria (14.7%), and showed 265 SNPs at mvf of 1%,
50 SNPs remained after removing low read-count variants. There55 cp genome. Common SNPs between three samples (total of 36) are highlighted in
.54 - 
) 
BC-cp-DNA  sample 
Max varia nt freque ncy fr om mt (5. 14 - 
14.68%)   
and nr (0.56 - 5.18%) 
en cy 
Variant 
Coverage 
Total  
Coverage
Varia nt fre quency 
Possible  
source  of 
vari ant 
  - 80  Below 1%  Mt
  - 62  Below 1%  Mt
  4 86 4. 65  Mt
  - 110  Below 1%  Mt
  - 108  Below 1%  Mt
  - 108  Below 1%  Mt
  - 146  Below 1%  Mt
  - 89  Below 1%  Mt
  - 109  Below 1%  Mt
  - 115  Below 1%  Mt
  - 118  Below 1%  Mt
  - 128  Below 1%  Mt
  - 104  Below 1%  Mt
  - 141  Below 1%  Mt
  - 116  Below 1%  Mt
  - 105  Below 1%  Mt
  - 86  Below 1%  Mt
  - 86  Below 1%  Mt
  4 77 5. 19  Mt
5 106 4. 72  Mt
4 111 3.6 Mt
  2 106 1. 89  Mt
  3 72 4. 17  Mt
  2 73 2. 74  Mt
4 114 3. 51  Mt
4 113 3. 54  Mt
  - 97  Below 1%  Mt
4 113 3. 54  Mt
6 115 5. 22  Mt
  - 93  Below 1%  Mt
  - 90  Below 1%  Mt
  - 90  Below 1%  Mt
- 113  Below 1%  Mt
  3 90 3. 33  Mt
6 111 5. 41  Mt
  8 100  8 Mt
  - 105  Below 1%  Mt
4 86 4. 65  Mt
  5 108 4. 63  Mt
Table 1 (Continued )
84,078  Ira  138 2,5 71 5.3 7  4 182 2.2 0  11  125 8.8 Mt
58,227  LSC  109 2,0 16 5.4 1  - 153  Below 1%  - 103  Below 1%  Mt
140, 151  Irb  139 2,5 60 5.4 3  - 154  Below 1%  4 124 3. 23  Mt
136, 562  Irb  164 3,0 06 5.4 6  - 170  Below 1%  3 119 2. 52  Mt
53,874  LSC  155 2,6 08 5.9 4  5 177 2.8 2  6 122 4. 92  Mt
84,381  Ira  129 2,1 59 5.9 7  - 169  Below 1%  - 88  Below 1%  Mt
53,902  LSC  146 2,4 32 6.0 0  6 159 3.7 7  5 113 4. 42  Mt
83,584  Ira  124 2,0 61 6.0 2  3 129 2.3 3  - 97  Below 1%  Mt
137, 041  Irb  168 2,7 82 6.0 4  4 176 2.2 7  5 112 4. 46  Mt
140, 645  Irb  134 2,1 62 6.2 0  - 164  Below 1%  - 82  Below 1%  Mt
76,377  LSC  135 2,1 10 6.4 0  - 122  Below 1%  8 97 8. 25  Mt
53,515  LSC  148 2,2 87 6.4 7  - 141  Below 1%  - 99  Below 1%  Mt
57,591  LSC  154 2,2 60 6.8 1  5 147 3.4 0  6 98 6. 12  Mt
76,168  LSC  186 2,5 91 7.1 8  10  150 6.6 7  4 102 3. 92  Mt
58,436  LSC  160 2,0 61 7.7 6  3 141 2.1 3  - 92  Below 1%  Mt
25,125  LSC  166 2,1 14 7.8 5  - 124  Below 1%  9 84  10.71  Mt
74,731  LSC  144 1,7 86 8.0 6  5 120 4.1 7  6 78 7. 69  Mt
25,120  LSC  174 2,1 46 8.1 1  - 127  Below 1%  9 85  10.59  Mt
53,444  LSC  168 1,9 97 8.4 1  - 167  Below 1%  - 81  Below 1%  Mt
76,277  LSC  191 2,2 62 8.4 4  - 164  Below 1%  5 83 6. 02  Mt
57,616  LSC  191 2,2 39 8.5 3  7 146 4.7 9  4 97 4. 12  Mt
78,710  LSC  168 1,9 44 8.6 4  - 147  Below 1%  - 113  Below 1%  Mt
37,992  LSC  209 2,3 50 8.8 9  5 136 3.6 8  7 95 7. 37  Mt
53,462  LSC  189 2,0 95 9.0 2  - 164  Below 1%  - 86  Below 1%  Mt
77,157  LSC  241 2,6 42 9.1 2  8 199 4.0 2  8 92 8.7 Mt
53,695  LSC  193 2,0 18 9.5 6  7 149 4.7 0  8 87 9.2 Mt
79,139  LSC  275 2,8 74 9.5 7  8 202 3.9 6  21  120  17.5  Mt
79,864  LSC  267 2,7 89 9.5 7  11  176 6.2 5  17  126  13.49  Mt
57,949  LSC  201 2,0 95 9.5 9  9 142 6.3 4  - 71  Below 1%  Mt
75,592  LSC  286 2,9 04 9.8 5  14  204 6.8 6  14  112  12.5  Mt
23,944  LSC  242 2,4 54 9.8 6  5 141 3.5 5  8 82 9. 76  Mt
78,410  LSC  208 2,1 04 9.8 9  9 158 5.7 0  5 75 6. 67  Mt
57,881  LSC  201 2,0 31 9.9 0  11  130 8.4 6  - 88  Below 1%  Mt
75,231  LSC  245 2,4 25  10.10  10  156 6.4 1  8 98 8. 16  Mt
79,099  LSC  256 2,5 20  10.16  10  171 5.8 5  18  99  18.18  Mt
75,222  LSC  251 2,4 64  10.19  10  159 6.2 9  8 100  8 Mt
77,725  LSC  255 2,4 82  10.27  7 164 4.2 7  10  95  10.53  Mt
57,679  LSC  247 2,3 61  10.46  11  157 7.0 1  - 115  Below 1%  Mt
27,971  LSC  275 2,6 27  10.47  5 172 2.9 1  6 107 5. 61  Mt
79,448  LSC  276 2,5 99  10.62  12  165 7.2 7  6 116 5. 17  Mt
75,758  LSC  250 2,3 37  10.70  15  117  12.82  11  103  10.68  Mt
77,643  LSC  279 2,6 01  10.73  8 156 5.1 3  21  122  17.21  Mt
27,492  LSC  330 3,0 30  10.89  3 196 1.5 3  10  137 7.3 Mt
27,198  LSC  341 3,1 28  10.90  11  210 5.2 4  8 103 7. 77  Mt
79,732  LSC  301 2,7 45  10.97  15  174 8.6 2  13  118  11.02  Mt
27,120  LSC  324 2,7 91  11.61  6 196 3.0 6  13  106  12.26  Mt
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tion level, at 17.2%, 17.5% and 18.2% in BC-cp-DNA sample. In terms
of variant read-count, the six variant, which had a frequency higher
than the contamination level in two samples, did not show a
signiﬁcantly higher read-count compared to the cut-off value
determined by the thresholds. On the other hand, in the WL-DNA
sample, none of the SNPs detected had a frequency greater than the
fraction of non-cp-contaminating-DNA from the mitochondria of
13.6% in this sample. The highest SNP frequency reported in this
sample was at a frequency of 11.6% (of a total coverage of 2,791 and
variant coverage of 324). All of these 85 SNPs from WL-DNA
sample, 42 SNPs from MC-cp-DNA sample and 50 SNPs from BC-
cp-DNA sample, including their variant coverage, total coverage,
variant frequency and possible source of variant are listed in
Table 1 and summarized according to the numbers at mvf of 1%, 5%,
10%, 15% and 20% (Fig. 4A). This includes the 36 common SNPs
between the three samples, 20 common SNPs between the WL-
DNA sample and either one of the other two samples; and
29 unique SNPs only reported in WL-DNA sample. At 49 positions
with SNPs common between two samples or unique in one sample,
the total coverage of corresponding positions in the other samples
is present for cross-checking. In general, there were only three
SNPs at mvf of 15%, detected in the BC-cp-DNA sample which had
the highest fraction of non-cp-contaminating-DNA. None of
reported SNPs was at mvf of 20% in any samples. Finally, based
on the estimated proportion of non-cp-contaminating-DNA reads
from the mitochondria and non-cp-contaminating-DNA reads
contaminated from the nucleus, a possible source was assigned to
each variant position, presented in Table 1 and schematized in
Fig. 4B and C.Fig. 4. Estimation of genome composition and SNP analysis in three sugarcane DNA prep
Scheme of read proportion and origins within the reads mapped to the cp-genome from
mapped to the chloroplast reference genome from sequencing data of whole leaf DNA. (C)
cultivar Q155. cp and mt denote chloroplast and mitochondria, respectively.4. Discussion
Modern sugarcane genotypes are hybrids between S. ofﬁci-
narum and S. spontaneum. Even though, these species have
different cp-genome types, in most cases S. ofﬁcinarum has been
the female parent indicating that the cp-sequence of sugarcane
should be the same as that of S. ofﬁcinarum. This study shows that
the cp-sequence of Q155 is exactly equivalent at every base to the
consensus cp-sequence of the three genotypes (Fig. 2D). The three
sugarcane cp-genomes of cultivars NCo310, SP80-3280 and Q155
are from three diverse Saccharum spp. hybrids genotypes. Nco310
was ﬁrst released in South Africa [61], SP80-3280 is a commercial
cultivar originally from Brazil [62] while Q155 is another
commercial hybrid cultivar in Australia [63]. The analysis revealed
that there were nine positions and ﬁve positions differences
between the cp-genomes of NCo310 and SP80-3280 to Q155 cp-
genome and 14 positions different between NCo310 and SP80-
3280 cp-genomes. This could have been from the cp-DNA-insert
sequences in mitochondrial genome captured while sequencing
NCo310 cp-genome based upon Sanger sequencing of PCR
products [59] and shotgun sequencing of SP80-3280 cp-genome
at a comparatively low depth of coverage (8x) [60]. Compared to
the other two published cp-sequences, the Q155 cp-genome
assembly was based on a much higher sequence coverage (2,357x).
Further comparative analysis of mapping trimmed reads from
three samples to three cp-genomes of NCo310, SP80-3280 and
Q155 (Fig. 2C) revealed that better alignment and coverage were
obtained when Q155 (or NCo310) was used as a reference,
especially, at positions 123,625, 123,651, 123,802 and 123,815 in
the IRb region compared to that of SP80-3280 (as mentioned inarations. (A) The number of SNPs detection at mvf of 1%, 5%, 10%, 15% and 20%. (C)
 NGS data of sugarcane cultivar Q155. (B) Scheme of read origin and compositions
 Scheme of possible sources of chloroplast SNPs detected from NGS data of sugarcane
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SP80-3280 cp-genome, the differences between IRa and IRb caused
the IR reads to only map to the IRa region but not to the IRb,
resulting in poor alignment and low minimum coverage. A low
coverage was obtained in this region across three of the samples.
This was not observed when NCo310 or Q155 cp-genome was used
as a reference. The total read mapped to three sequences were
comparatively similar since most poor alignment occurred in the
IRb involved only IR reads, which were counted by the assembler
when they mapped to the IRa region (Table S3 in Supplementary
data ﬁle). At other positions, which were far apart from each other
and not located together within the length of one read (100 bp),
reads involved were mapped to the reference. Most IRs regions in
the plant cp-genome are identical inverted copies due to a low
mutation rate compared to LSC and SSC [64], even though
sequence variation between IRa and IRb has been reported, for
example, in Yang et al. [65]. When assembling the cp-genome, all
reads originally from two the IR regions are normally assembled
into one contig using a de novo assembler, like the one used in this
study, the CLC-WB. To detect variants within the IR regions, the
inverted repeats have sometimes been sequenced independently,
as mentioned in Khan et al. [66]. We used the method described in
Raubeson et al. [67] with an assumption that if there is variation
between the two IRs, half of the IR reads would reﬂect one variant
and half reﬂect the other. We mapped reads to the IR contigs using
the same settings as for our mapping assembly described earlier,
and no variants were detected at a frequency of 25%. This indicates
that the IRa and IRb of sugarcane cv. Q155 are identical. The
comparative analysis strongly suggests that the Q155 cp-sequence
from our study might be the cp-genome of sugarcane in general,
there might be no differences between the cp-genomes of NCo310,
SP80-3280 and Q155 and all sugarcane genotypes have the same
cp-genome sequence. This is consistent within the recent narrow
origin of sugarcane in which all modern sugarcane hybrid cultivars
were derived from a few selected clones after a few generations
within a short-time divergence [68–70]. Our result on demon-
strated that it is feasible to construct sugarcane cp-genome from
NGS data containing DNA from mitochondria and nucleus without
requiring to isolate and purify chloroplasts prior to sequencing.
The demonstration of efﬁcient extraction of an apparently base
perfect whole cp-genome sequence from shotgun reads of total
plant DNA in this very complex system (8–12 ploids) demonstrates
the robustness of the technique in extracting the chloroplast reads
from total sequence data not only can be applied to the diploid
species but also polyploid ones.
Sugarcane mitochondrial and nuclear genomes have not been
fully sequenced due to the complexity of the genomes. However,
evidence of gene transfer in other species [12,16,22] suggests that
there could be many copies of cp-DNA-insert sequences in the
mitochondrial and nuclear genomes. It was reported that the
chloroplast insertions accounts for 4.4% (25.5 kb) of the maize NB
(Zea mays subsp. Mays) mitochondrial genome [16], for 6.3% of the
rice (Oryza sativa L.) mitochondrial genome [22] and for 1% of the
Arabidopsis mitochondrial genome [24]. Substitutions, deletions
and insertions often occur within these cp-DNA-insert sequences
after their integration into the mitochondrial and nuclear genome
as observed in rice and Arabidopsis [23,24]. The similarity between
the genuine cp-sequence and their homologues in mitochondrial
genome in plants can be between 61% and 100% while the degree of
similarity between chloroplast genes and their homologues in the
nucleus was reported to vary in different species as reviewed in
[22]. Total DNA extracted from leaf tissue contains chloroplast
DNA, mitochondrial DNA and nuclear DNA [4,34,71]. In terms of
obtaining a true cp-genome assembly using NGS data it is
important not to have any variants of reads corresponding to
cp-DNA-insert sequences in the mitochondrial or the nucleargenomes contributing to the assembled cp-sequence. This can
be easily overcome by using the majority vote setting in the
assembler, leading to a consensus sequence which reﬂects the
major base calls at any given position due to the high abundance of
chloroplast reads over mitochondrial and nuclear reads. However,
when it comes to detecting the variant in cp-genome, cp-DNA-
insert sequences in the mitochondria (and possibly in the nucleus)
and the variants within them can pose a challenge and could
attribute to the variant results. In SNP detection software, frequency
of a SNP at a certain position in the genome is the percentage of that
SNP count out of the total count of all nucleotides at that position (or,
in other words, the coverage of that SNP out of the total coverage of
the genome at that position). To allow interpretation of the non-cp-
contaminating-DNA results to SNP detection, the coverage of the
chloroplast, mitochondrial and nuclear genes was used as a measure
of corresponding genome copy number to estimate the percentage
of possible non-cp-contamination from cp-DNA-insert sequences in
the mitochondria and nucleus in each of the three samples. The non-
cp-contaminating-DNA reads reported could have been mostly from
the mitochondrial genome, nuclear contamination might have been
reported as well but this would be at a low frequency which
sometimes could not be distinguished from the sequencing errors.
The total amount of non-cp-contaminating-DNA fraction in the MC-
cp-DNA sample was less than that in the other two DNA samples.
This could be due to the varied number of genomes in different
tissues in the plant and the differing isolation methods yielding
differing recoveries of DNA from the three genomes in the plant.
Analysis of variants was examined in sequences obtained from
the three different preparations with different proportions of
chloroplast, and non-cp-contaminating-DNA from mitochondria
and nucleus due to different isolation methods. Many low SNPs
found in the MC-cp-DNA and BC-cp-DNA samples could be
attributed to the non-cp-contaminating-DNA from the nucleus,
while the rest of SNPs in the three samples could be attributed to
non-cp-contaminating-DNA from the mitochondria. There could
be variants within the cp-DNA-insert sequences in the mitochon-
dria as a faster mutation rate was reported in the mitochondrial
genome in comparison to the cp-genome [22]. The variants
originating from non-cp-contaminating-DNA in the nucleus could
have lower frequency compared to those from the mitochondria. It
is difﬁcult to differentiate between these, but for all detected SNPs,
they could all be attributed to non-cp-contaminating-DNA of cp-
DNA-insert sequences from other genomes in the data obtained
from NGS technology. The problem with the low-coverage samples
being used for variant detection is that a small change in variant
read-count (or coverage) could lead to a signiﬁcant increase/
decrease in the calculated frequency of the variant, in comparison
to a high-coverage sample. For example, at the coverage of 100
(coverage of MC-cp-DNA and BC-cp-DNA samples), variant
coverage of 1 and 5 would result in variant frequency to be
reported at 1% and 5% even though the results are only 4 reads
different, while at the coverage of 2,000 (coverage of WL-DNA
sample), there would be 20 reads and 100 reads. This may explain
why there were six variants reported with a frequency higher than
the fraction of the non-cp-contaminating-DNA from the mito-
chondria in the two low-coverage samples, MC-cp-DNA and BC-cp-
DNA. Most studies of heteroplasmy/variant detection using NGS
data, i.e. in [38,39,67] have been based on a low coverage,
suggesting that the NGS-derived cp-SNPs reported as being
evidence for heteroplasmy/variants could have been from the
contribution of the nuclear or mitochondrial genomes being
detected in the low-coverage samples.
Heteroplasmy is a signiﬁcant biological issue in studies of
organellar genomes [72,73]. The speciﬁcity of chloroplast sequenc-
ing has usually been based on PCR ampliﬁcation of the cp-sequences
or the isolation and puriﬁcation of chloroplasts prior to sequencing.
N.V. Hoang et al. / New Negatives in Plant Science 1–2 (2015) 33–4544Neither of these approaches is fool proof and may result in sequences
from the nucleus or mitochondria with homology to the chloroplast
being attributed to chloroplast heteroplasmy. Chloroplast hetero-
plasmy has been reported in many plant species using different
approaches [29–31,34,38] with suggestions that different plant
tissues or organs may have cells with different proportions of
genetically distinct chloroplasts. However, these studies have not
always considered other explanations for sequence variations and
lacked the evidence that our quantitative NGS analysis has provided.
No published report has discounted the possibility that the apparent
heteroplasmy reported is due to non-cp-contaminating-DNA from
cp-DNA-insert sequences in the mitochondria and nucleus in the
samples analyzed. Careful re-examination of the methods used in all
of earlier reports of heteroplasmy in chloroplasts indicates that
many of these reports may have been due to contaminating
mitochondrial or nuclear gene sequences. For example, apparent
differences in variants reported between plant tissues and samples
may be due to different levels of contamination with other genomes
in these preparations. NGS provides a new tool that can explore more
quantitatively and critically the issue of chloroplast heteroplasmy.
However, analysis of heteroplasmy in NGS data requires careful
analysis of the levels of non-cp-contaminating-DNA from other
genomes. The use of known genes from the three genomes to
estimate the abundance of these genomes in the samples, as in this
study, avoids this problem. Lastly, sugarcane is a good model to
study chloroplast heteroplasmy in depth because of the unique
status as a C4 plant with different types of chloroplasts and a very
complex genome. The design of two enriched samples of MC-cp-
DNA and BC-cp-DNA and a WL-DNA sample with different read
compositions allows us to dissect the possibility of contamination by
other genomes in the data and also heteroplasmy if present within
individual cells or cell types.
5. Conclusions
We have demonstrated that it is possible to assemble a cp-
genome sequence from whole genome shotgun sequencing short
reads of an unenriched and two chloroplast-enriched DNA samples
from a highly polyploid plant such as sugarcane by using de novo
assembly and reference mapping. The cp-genome of sugarcane cv.
Q155 reported here is likely to be the cp-genome sequence for
cultivated sugarcane as it is the consensus of sequences reported
for other genotypes. There could be varied numbers of chloroplast,
mitochondrial, nuclear genomes in preparations from different
tissues of a plant. This may explain some earlier reports of
heteroplasmy in the chloroplast in different parts of plants. There is
no positive evidence from NGS data for heteroplasmy in the
sugarcane cp-genome. It is possible that plant cp-genomes do not
display heteroplasmy.
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